Background: We aimed to describe specific changes in brain perfusion in patients with dementia with Lewy bodies (DLB) at both the prodromal (also called mild cognitive impairment) and mild dementia stages, relative to patients with Alzheimer's disease (AD) and controls. Methods: Altogether, 96 participants in five groups (prodromal DLB, prodromal AD, DLB with mild dementia, AD with mild dementia, and healthy elderly controls) took part in an arterial spin labeling MRI study. Three analyses were performed: a global perfusion value comparison, a voxel-wise analysis of both absolute and relative perfusion, and a linear discriminant analysis. These were used to assess the global decrease in perfusion, regional changes, and the sensitivity and specificity of these changes. Results: Patterns of perfusion in DLB differed from AD and controls in both the prodromal stage and dementia, DLB having more deficits in frontal, insular, and temporal cortices whereas AD showed reduced perfusion in parietal and parietotemporal cortices. Decreases but also increases of perfusion in DLB relative to controls were observed in both absolute and relative measurements. All these regional changes of perfusion classified DLB patients with respect to either healthy controls or AD with sensitivity from 87 to 100 % and specificity from 90 to 96 % depending on the stage of the disease. Conclusions: Our results are consistent with previous studies. We extend the scope of those studies by integrating prodromal DLB patients and by describing both hypo-and hyperperfusion in DLB. While decreases in perfusion may relate to functional impairments, increases might suggest a functional compensation of some brain areas.
drugs such as neuroleptics have shown deleterious effects in DLB [8, 9] .
Brain imaging may provide information to refine the diagnosis of DLB [10] . As functional changes can precede atrophy [11] , functional neuroimaging may be particularly relevant to the study of the early stage of DLB. Among the various methods that assess brain functioning, cerebral blood flow (CBF) or brain perfusion can be evaluated using [15O] positron emission tomography (PET), single photon emission computerized tomography (SPECT), or arterial spin labeling (ASL) MRI. To our knowledge, brain perfusion in DLB has not been evaluated using [15O] PET. Studies using SPECT have shown occipital hypoperfusion [11] [12] [13] [14] [15] [16] together with relatively preserved perfusion in the medial temporal lobe [14] [15] [16] in DLB in contrast to AD. The frontal, parietal, and cingulate cortices have also been reported to be altered when compared to elderly controls [15] [16] [17] . Similar results have been reported in ASL MRI studies [18] [19] [20] as well as in [18F]-fluoro-dglucose PET studies assessing metabolism [21] [22] [23] [24] [25] [26] [27] . Taken together, these results indicate perfusion changes in DLB in the dementia stage. Therefore, we still have to assess early differences of perfusion between DLB and AD, at the prodromal stage (also named MCI).
Using magnetically labeled arterial blood water as an endogenous tracer, ASL has the advantage over SPECT and PET of being non-invasive, available in clinical routine, more reliable [28] , and providing absolute values of CBF (i.e., without any global CBF weighting by the CBF of a given brain area, such as the cerebellum). ASL may, therefore, be a suitable tool for assessing perfusion in a diagnostic perspective.
In this study, we aimed to describe whole-brain ASL perfusion changes according to both the diagnosis and the cognitive impairment. We studied DLB and AD patients. For both diseases, patients were divided into a prodromal group and a mild dementia stage group, and we compared them with an elderly control group. We planned to assess differences between DLB and AD as well as between prodromal and the mild dementia stage in DLB. We postulated that ASL MRI would be sufficiently sensitive to detect changes in perfusion even in prodromal DLB. As global CBF (i.e., whole-brain CBF) seems to be altered in DLB [18] , we also assessed regional CBF (rCBF, as relative perfusion) by a weighting of mean perfusion.
Methods

Participants
Altogether, 132 participants were recruited for this study, of which 12 patients were excluded due to motion during the MRI acquisition (see the section "MRI processing"), resulting in a total of 120 participants, comprising 44 patients with prodromal DLB (pro DLB group), 16 patients with DLB at the mild dementia stage (mild DLB group), 13 patients with prodromal AD (pro AD group), 26 patients with AD at the mild dementia stage (mild AD group), and 21 healthy elderly controls (HC group). Patients sharing both DLB and AD criteria were not included in the study. Demographic and clinical data are presented in Table 1 . The five groups were examined by clinicians with expertise in dementia, who performed a complete anamnesis and medical examination. Using [29] , akinesia, rigidity, and tremor at rest were rated from 0 to 4 (0 for no symptoms to 4 for serious impairment). Fluctuations were assessed with the Mayo Clinic Fluctuations scale [30] and the Newcastle-upon-Tyne Clinician Assessment of Fluctuation scale [31] , and patients with a score greater than or equal to 2 were considered as having fluctuations. Cognitive functions were evaluated using the following tests:
• All patients underwent cerebrospinal fluid analysis, including measurement of tau, phospho-tau, and amyloidbeta (1-42) (Innogenetics's Innotest , ELISA). Assessment of medial temporal lobe atrophy and parietal lobe atrophy on brain MRI were performed using the standardized Scheltens scale [32] and the Koedam scale [33] (5 categories, from 0 to 4 with 0 corresponding to no atrophy), respectively. Vascular damage in white matter and basal ganglia was assessed separately according to the Wahlund scale [34] . An etiologic diagnosis of the neurocognitive disorder for each patient was made using Dubois's criteria for pro AD and mild AD [35] , and McKeith's criteria (probable DLB, i.e., at least two core symptoms) for mild DLB [1] . Pro DLB patients were defined as patients with MCI (Petersen criteria) [36] , preservation of independence (assessed by the Instrumental Activities of Daily Living) and by McKeith's criteria (meeting probable DLB criteria except presence of dementia) [1] . The numbers of patients treated with dopaminergic drugs Participants with a score of 2 12, 11 3, 3 2, 3 9, 9 4, 5
Participants with a score of 3 0, 4 4, 0 0, 0 3, 4 0, 0
Participants with a score of 4 0, 0 0, 0 0, 0 0, 0 0, 0
Vascular damage in white matter
Participants with a score of 0 25 4 7 9 7
Participants with a score of 1 15 7 4 7 12
Participants with a score of 2 6 4 1 7 2
Participants with a score of 3 0 1 1 2 0
Vascular damage in basal ganglia
Participants with a score of 0 33 13 10 17 21
Participants with a score of 1 11 1 2 5 0
Participants with a score of 2 
Data acquisition
The pulsed ASL sequence was performed on a Siemens Verio 3T scanner equipped with a 32-channel head coil (Siemens, Erlangen, Germany). In total, 121 whole-brain T2 * -weighted (gradient echo) echo planar images were acquired using the QUIPPS II sequence provided by the manufacturer. The parameters were: The tagged volume was 10 cm thick, positioned at the neck, and its distal part was 23 mm below the first slice to avoid saturation. Bipolar gradients were used to eliminate the signals from fast moving spins (>10 cm·s −1 ). The first volume recorded corresponded to M0, and non-tagged images were acquired in alternation with tagged images.
A 3D MPRAGE T1-weighted image was also acquired at the same session. The parameters were: imaging matrix 192 × 192 × 176 and 1 mm 3 isotropic voxels.
MRI processing
Images were processed using SPM8 (Welcome Department of Cognitive Neurology, London, UK) and in-housedeveloped software. All data were processed for each participant separately.
Functional images were first corrected for motion and magnetic field B0 inhomogeneities. According to the motion parameters provided by SPM, patients with translations and rotations higher than 2 mm and 2°, respectively, were removed from the analysis. As the TE is high enough to make the ASL sequence sensitive to blood oxygen level-dependent fluctuations, the signals were high-pass filtered at 0.1125 Hz according to the method of Chuang et al. [37] . One CBF map per subject was then calculated according to the TE-corrected method published by Foucher et al. [38] . The M0 map was coregistered to the T1 image and the transformation parameters were used to coregister the CBF map in the same way. The T1 image was segmented using the New Segment toolbox, leading to five high definition maps (gray and white matter, cerebrospinal fluid, meninges, and bones). The first three served as a brain mask to exclude non-cerebral voxels from the CBF map. Gray and white matter probability maps also served to calculate spatial normalization parameters to the Montreal National Institute (MNI) space according to the DAR-TEL approach. T1 and CBF maps were then spatially normalized according to the normalization parameters. During this procedure, CBF maps were smoothed (full width at half maximum of 8 × 8 × 8 mm) but not modulated.
Statistical analyses
Analyses were performed in Matlab (R2012b, Mathworks, Natick, MA). The gender and age distribution between groups were assessed by chi-squared tests and a oneway ANOVA, respectively. A global decrease in perfusion in patients relative to healthy controls was evaluated by two-sample T-tests on values of whole-brain mean perfusion.
Voxel-wise statistical analyses of perfusion were performed using ANOVA, with age [39, 40] and gender [40] as regressors of non-interest. These analyses were both conducted in absolute and relative measurements, the latter being corrected for the global mean value. The relative measurement corrects for inter-individual differences in global perfusion and explains local differences in perfusion. The statistical analyses combined a p uncorrected < 0.001 threshold at the voxel level with a cluster size threshold of 40 voxels (i.e., 320 mm 3 ). Following a multiple comparison correction (familywise error or FWE) of p FWE < 0.05 at the cluster level, significant clusters in the tables are identified by a superscript.
The clusters resulting from the voxel-wise analyses were subsequently considered as regions of interest (ROIs) in a two-class k-means classification and a linear discriminant analysis. The k-means analysis classified the patients and HC and provided the values of sensitivity and specificity for the patient group (or for DLB when the comparison concerned DLB versus AD). The discriminant analysis modeled the difference in perfusion between groups. As we aimed to model it with the simplest equation, we chose the shortest combination of ROIs that maximized the values of sensitivity and specificity (to assess for sensitivity and specificity, a leave-one-out cross-validation was used and the estimated classification was compared to the true diagnosis).
Results
Demographic data are presented in Table 1 . Age differed between groups (F[ 4, 116] ) = 4.4; p < 0.01): mild DLB, pro AD, and mild AD being older than HC (p < 0.05). The proportion of male patients was higher in the pro AD group than in the mild AD group (p < 0.01).
Perfusion in prodromal patients
The difference in global perfusion relative to HC was significant in the pro AD group (p < 0.05) but not in the pro DLB group.
The results for focal relative perfusion in prodromal patients are presented in Table 2 and Fig 1. Hypoperfusion in pro DLB compared to HC occurred in the right frontal, parietal, and temporal cortex together with the anterior insula. Only the left superior frontal gyrus showed an increase in relative perfusion in pro DLB. Absolute hypoperfusion gave similar results with a loss of perfusion in the right temporal and anterior insula, whereas the left superior frontal gyrus was hyperperfused (Additional file 1: Table S1 and Figure S1 . Please refer to these supplementary data for all results of absolute perfusion). Pro AD showed hypoperfusion compared to HC in the right inferior frontal gyrus and bilateral angular gyrus, and hyperperfusion was seen in the left supramarginal gyrus (absolute assessment showed a similar pattern of hypoperfusion, but without any increase in perfusion relative to HC). Comparison between pro DLB and pro AD revealed a lower relative perfusion in DLB in the fusiform gyrus (as with absolute measurements). Pro AD did not have any hypoperfused brain areas relative to pro DLB (but absolute measurements showed a decrease in the left angular gyrus).
Perfusion in patients with dementia
The difference in global perfusion relative to HC showed a trend towards statistical significance in mild AD (p = 0.059), but not in mild DLB.
Mild DLB patients showed a variety of hypoperfused brain areas compared to HC ( Table 3 and Fig 2) , including the frontal and temporal cortex, bilateral anterior insula, and caudate nucleus (as in absolute measurement; see Additional file 1: Table S2 and Figure S2 ). Hyperperfusion in mild DLB patients was observed mainly in the left precuneus. In mild AD, compared to HC, perfusion was reduced in parietal and temporal areas (assessment of absolute perfusion provided a similar pattern), whereas hyperperfusion was restricted to the left putamen (no increases in mild AD were revealed with absolute perfusion). When patient groups were compared, mild DLB showed a lower perfusion than mild AD in the frontal and temporal cortices together with the left supramarginal gyrus, anterior insula, and caudate nucleus (a difference in absolute perfusion only concerned the anterior insula and the supramarginal and superior temporal gyri). In contrast, mild AD had a reduced rCBF in the bilateral precuneus, left supramarginal, and medial superior frontal gyri (only the bilateral precuneus and the left supramarginal gyrus in assessment of absolute perfusion). 
Perfusion according to the level of cognitive impairment
Patients at different stages of the same disease were also compared, i.e., prodromal groups were compared to mild dementia groups. Mild DLB had lower perfusion than pro DLB in the left anterior insula, the inferior frontal gyrus, the right anterior and middle cingulum, the bilateral middle temporal gyrus, and the caudate nuclei (Table 4 and Fig. 3 ) (absolute perfusion revealed a similar pattern of decreasing perfusion; see Additional file 1: Table S3 and Figure S3 ). Mild AD had reduced perfusion compared to pro AD in the right precuneus and the left inferior parietal lobule (only the inferior parietal lobule was significant in measurement of absolute perfusion).
Discriminant analysis
The linear discriminant analysis revealed the optimal weighting for the combination of ROIs that best segregated the two populations. We performed this analysis for all possible combinations of ROIs resulting from the voxel-wise comparisons. Since only cluster was significant between pro DLB and pro AD, no discriminant analysis was performed on this contrast. We obtained the most accurate classification compared to the medical diagnosis with the linear discriminant analysis formula shown in Table 5 (for discriminant analysis with absolute measurements of perfusion, see Additional file 1: Table S4 ). Values of sensitivity and specificity were good to perfect (Table 5 ). Nevertheless, they were higher when discriminating mild DLB than when discriminating pro DLB. No discriminant analysis was performed on the contrast between pro AD and HC since there was only one cluster.
Discussion
Our aim was to describe brain perfusion disorders in the early stages of DLB using the pulsed ASL technique. We performed whole-brain voxel-wise analyses to compare two stages of DLB and AD, i.e., prodromal (or MCI) and dementia, as well as a fifth group of elderly controls. To evaluate whether perfusion MRI would help with diagnosis, we used classification tools (kmeans and discriminant analysis) to assess the sensitivity and specificity of each significant cluster resulting from the voxel-wise analysis, and of specific combinations of clusters. 
Changes in DLB
Care is needed when interpreting differences in perfusion, particularly when two diseases or two stages of the same disease are being compared. Both hypo-and hyperperfusion were indeed observed in DLB relative to controls, suggesting distinct phenomena. Hypoperfusion occurred mainly in the middle temporal gyrus, and the right frontal and anterior insula in pro DLB; it then extended to the contralateral hemisphere and to the caudate nuclei when the disease worsened. This expansion of hypoperfused areas when the cognitive impairment increases was confirmed by contrasting pro DLB and mild DLB since it provided a similar pattern (plus the middle and anterior cingulum). Frontal and temporal hypoperfusion is consistent with previous reports [18, 20] . Hypoperfusion in prefrontal areas may be associated with impairment in DLB of executive functions [41] and attention [42] , whereas the deficit in middle temporal areas would instead relate to memory [43] . A previous study on hallucination in AD [44] reported that the right anterior insula may be involved in the process of hallucination, suggesting that the early impairment of the anterior insula we described may be involved in the occurrence of hallucinations. The decrease in CBF in the caudate nuclei may instead be related to parkinsonism. According to previous studies, occipital hypoperfusion seems to be a core feature of DLB and may be related to visual hallucinations [14, 45] . Moreover, patients with DLB commonly present visual perceptual and visuospatial dysfunctions [46] . In our study, pro DLB and mild DLB did not show occipital hypoperfusion. However, a very strong effect of age was observed in the occipital cortex, which may mask the effect of the pathology and explain some discrepancies with previous studies, as most of them did not correct for age. The early stages of the disease and the number of patients who complain of visual hallucinations and visual impairment may also explain this difference [14] . Further correlates between perfusion and cognitive performances would provide information about variants in the first stage of DLB. In addition to the hypoperfusion pattern, the frontal cortex in pro DLB and the precuneus in mild DLB showed an increase in CBF compared to HC (contrasting pro DLB with mild DLB confirmed these results). Such observations are only partly due to the relative assessment of perfusion (by correcting for the whole-brain mean value), as absolute perfusion also revealed these hyperperfused regions. Whereas hypoperfusion relative to controls may reflect a decrease in neuronal activity in patients, hyperperfusion may reveal a compensatory process by which patients make up for the initial neuronal disorders [47] [48] [49] . Therefore, assessing perfusion seems to indicate a disorganization in DLB of some parts of the cortex, with both under-and over-activated areas.
Changes in AD
Perfusion in AD was mainly reduced in the parietal and parietotemporal cortex, where the deficit started as early as the prodromal stage. Such impairments are in accordance with previous studies using ASL [50, 51] , SPECT [13, 52] , or PET [24] . Our data also showed that perfusion in these areas decreased with the cognitive decline (i.e., from the MCI stage to dementia). While our transversal study was not designed to compare the prodromal patients who convert to dementia to those who do not, the hypoperfusion we observed in the parietal and parietotemporal cortex and the fusiform gyrus has been reported by other groups as a predictor of conversion to dementia [53, 54] . Exploring perfusion according to the cognitive profile of patients with AD suggested that such hypoperfusion relates to the impairment of executive functions [55] and memory [56, 57] . We found that pro AD had lower perfusion than mild AD in the inferior frontal gyrus and the cuneus, which, according to our results and previous reports [15] , is more typical of DLB. This counterintuitive result could reflect the lack of sensitivity of the DLB criteria [1, 3, 4] , reinforcing the need for new biomarkers of DLB. Another explanation would be a compensatory phenomenon in mild DLB with hyperactivation in the frontal and occipital cortices.
Changes between DLB and AD
Hypoperfusion in DLB relative to AD mainly occurred in the frontal cortex, the anterior insula, and the caudate nuclei, and in parts of the temporal cortex and supplementary motor area. Hypoperfusion in AD relative to DLB was in the medial frontal cortex and the parietal lobe. Hypoperfusion was unsurprisingly more extensive in dementia than in MCI, a finding that could be related to the stage of the disease but also to a lack of statistical power given the lower number of patients in the pro AD group. These patterns mainly agreed with the comparisons to HC. They are also in accordance with previous reports [18, 20] but differ in terms of occipital hypoperfusion in mild DLB (although Fong et al. [20] did not show occipital hypoperfusion either). The differences in perfusion between DLB and AD are consistent with the cognitive profiles of the diseases, the former being predominantly a frontal (and occipital) related disease and the latter being a posterior and medial temporal lobe related disease. 
Sensitivity and specificity
Discriminant analyses of the perfusion differences between DLB and HC and between DLB and AD provided good values of sensitivity and specificity, even with a small set of ROIs (sensitivity from 87 to 100 %; specificity from 90 to 96 %). These values were higher than those in previously published results obtained using SPECT [11, 12, 14, 15, 58] and PET [21, 24] . They were processed to give higher values than each ROI taken individually. Although mild DLB was more accurately classified than pro DLB, the good sensitivity and specificity suggest that DLB and AD could be differentiated at an early stage of the disease, such as the prodromal stage. It is noteworthy that the voxel-wise analysis and the discriminant analysis were performed on the same subjects since the sample size was too low to divide the groups into a learning and a testing data set. Therefore, the circular analysis we used can provide high values of sensitivity and specificity, which has to be considered as the upper limit of what can be achieved by a pulsed ASL study in discriminating DLB from HC and AD.
Relative and absolute perfusion
Whole-brain CBF has been reported to be globally reduced in DLB [18] . Our results were not in line with this finding since AD but not DLB showed a global decrease of perfusion. This global reduction might mask some hyperactivation relative to whole-brain functioning and make the hypoperfusion pattern look more consistent that it actually is. By taking into account the mean perfusion, i.e., assessing relative perfusion as in SPECT, we described some local brain hypo-and hyperperfusion in DLB that was only partly observed in absolute values.
Limitations
Some of the changes in perfusion observed in this study may partly be due to atrophy, even though we limited this bias by using the DARTEL normalization procedure (a common template across healthy subjects and patients was created) without modulation of the perfusion images (i.e., areas that were expanded or shrank to match the common template were not modified in intensity of perfusion). In this study, we assessed perfusion in DLB with a pulsed ASL sequence as did Taylor et al. [19] , whereas other groups used pseudocontinuous [18] or continuous ASL [20] . Although the pseudocontinuous labeling technique has greater sensitivity than pulsed and continuous ASL, their intra-and mutli-center reproducibility is reasonable for the three ASL techniques [59] . Therefore, some differences between DLB, AD, and HC may still be hidden when using the pulsed ASL sequence, but the significant differences we found may not depend on the sequence. Another limitation of the study is the impact on statistical power due to differences in the number of participants between groups. As a consequence, some brain dysfunctions may have been underestimated. Other group differences could nevertheless be limited by the covariates: although the proportion of males was higher in the pro AD group than in the other groups, we accounted for gender in the statistical analyses, as we did for age. Lastly, although we used a leave-one-out cross-validation to classify the patients according to their perfusion pattern, a validation using other data sets will need to be performed. Nevertheless, this is one more step towards a multi-sequence and multi-MRI validation.
